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We calculate the properties of the pentaquarks and H^"'" in symmetric nuclear matter using 
the quark meson coupling model (QMC). The stability of the O""" in the medium with respect to 
the channel 0^ — > NK^ is discussed. 
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I. INTRODUCTION 

The possible existence of pentaquarks was first proposed a long time ago Q but the subject regained 
theoretical interest after such exotic states were indeed measured 0, Q- In the recent months many 
works have been dedicated to the calculation of pentaquark properties 0, IS S ^| j a theoretical 
pioneer work being the one that classified a narrow strange pentaquark with positive parity as the 
lowest state of an SU (3) decuplet within a chiral soliton model (llj . 

Three of the possible pentaquarks are the 0+ |3, 0] containing the quarks uudds with mass 1540 
MeV, S = +1, zero isospin (/ = 0) and positive charge, the 2 , formed by dssdu, S — —2, / — 3/2 
and the "Ef constituted of quarks dssud, S — —2, / — 3/2 and neutral, the last two with masses equal 
to 1862 MeV, detected in [j| but not confirmed in other experiment 0- 

Another topic of great interest in the recent literature is the in-medium modification of baryon 
properties, mainly their masses and decay widths [Hill [lllll. 

In the present work we use the quark-meson coupling model (QMC) [T^ [l7| in order to obtain the 
effective masses of the pentaquarks 0+ and S '° in a self-consistent way with the nucleon mass. 
We fix the nucleon radius and determine the pentaquark radius considering the same bag constant of 
the nucleon. We compare the chemical potential of the pentaquarks determined in this way with the 
chemical potential of the nucleon plus kaon system as a function of the density. A comparison with 
the results obtained within the non-linear Walecka model (NLWM) |l9| is drawn. 



II. THE QUARK-MESON COUPLING MODEL FOR PENTAQUARKS 

In the QMC model, the baryons are assumed to be static spherical MIT bags in which quarks 
interact with the scalar and vector fields, cr, uj and p and these fields are treated as classical fields 
in the mean field approximation. In the present work we treat nucleons and pentaquarks within the 
same formalism, the differences arising from the number and flavor of the constituent quarks. We 
consider both the and the S in nuclear matter and assume that non-strange mesons do not 
couple with the s, s quarks. 

The quark field, ipq^x), inside the bag satisfies the equation of motion: 



*^-(m°-g>o)-7° (52 



^0 + ^9pT3qbo3) 



u, d, s, 



(2.1) 



toJj is the current quark 



where erg, ujq and &03 are the classical meson fields for cr, ui and p mesons 

mass, T^q is the third component of the Pauli matrices and 5^, and g'^ are the quark couplings with 
(T, UJ and p mesons. 
The quark energy is 
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with rig = \J ^'q (^-^ "^q ^ '"^'q ~ 5ff "'j is the bag radius of the baryon. The energy of a 

static bag describing the baryon _B, can be expressed as 

where is a parameter which accounts for zero-point motion and Bb is the bag constant. The 
set of parameters used in the present work is given in 20] for the bag value B^J'^ — 210.854 MeV, 
= = 5.5 MeV and m° = 150 MeV. The effective mass of the nucleon and the pentaquark at 
rest is taken to be 

M*B = e)^^. (2.4) 

The equihbrium condition for the bag is obtained by minimizing the effective masses with respect 
to the bag radius 

^ = 0. (2.5) 

dR*g ^ ' 

All the above expressions are valid for the nucleons and the pentaquarks. We have considered the same 
bag constant Bb for both. The radius and the Zb parameter for the pentaquark are then obtained 
from equations (|2.4I) (for the vacuum) and H2.5|) . 

It is not clear if the spin parity of the pentaquark 8+ is = 1/2+ or = l/2~. Constituent 
quark models predict the first value and chiral symmetric models the second • Within the QMC 
model, we may have a positive parity state if one of the quarks occupies a p state. However, this is 
not the lowest energy state. In the following we also consider this possibility. 

For simplicity, we assume that the bag describing the nucleon remains in a spherical shape with 
radius Rb- The single-particle energies in units of are given as 



= n-^- ± Rb (^g^ u; + ^5^3,^03) , (2.6) 



for quarks and antiquarks, with il^'^ = yx^^^ -I- R^m*^. The eigenvalues x„k for the state character- 
ized by n and k are determined by the boundary condition at the bag surface, 17 ■ mp^^'^ — ipl^'^. We 
get for the total energy 

EB' = j:^-^ + rRBBB. (2.7) 

For the QMC model the equations of motion for the meson fields in uniform static matter are the 
ones usually given in the literature 0,0,|2O(- For the necessary self-consistent treatment, one has 
to determine 

dM*B{a) dEl^^ 

Notice that, although we have included the p meson in the equations above, we shall restrict 
ourselves to the calculation of symmetric nuclear matter. Moreover, as we have opted to use identical 
masses for the u and d quarks, the pentaquarks S*^ and S are indistinguishable. 

Boosting the bags we get the dispersion relation for the pentaquarks 



fie^^Mf+k^+g^UQ. (2.9) 

We also calculate the optical potential of a pentaquark in symmetric nuclear matter, which we define 
as 

Vb = M*B - Mb + gujBUJQ. 

In the numerical calculations we have used (201 g'^ = 5.957, g^N — 3g^S'Ar(0) = 8.58, g^iN = 8.981, 
gpN = 8.651 with g^N = 3g^ and gpN = gp, with the standard values for the meson masses, = 550 
MeV, TTiui = 783 MeV and nip = 770 MeV. Note that in our approach the s-quark is unaffected by 
the a, ui and p mesons i.e. g^ ~ gf, — g^ ~ . The pentaquark couplings are given by g^Q = |(?wAf, 
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9p0 = 9pN- In Table m we give the values of Z for both 0+ and S considering the radius of the 
nucleon 0.6 and 1.0 fm and the three different cases: a) all quarks in a s state; b) quarks u or c? in a 
p state; c) quarks s or s in a p state. 

In the next section we compare the QMC results obtained in the present work with results obtained 
from the NLWM model [1^] with the NL3 parametrization 22]. In this model the effective mass of 
a baryon is Alg = AIb — cr |2^ • Using quark counting arguments and considering that the cr, uj 
mesons do not couple to the s-quark we take 

4 

9ie = -^giN, giB. = giN, i = a,uj. 



III. RESULTS 

The in-medium results obtained with the QMC model for the pentaquarks are next displayed and 
compared with the ones obtained with the NLWM. 

In figure^we show the effective masses for the 9+ and the for two different values of the bag 

radius. For the larger value of the bag radius, the decrease of the effective masses is less pronounced 
for both pentaquarks. Our results do not agree with the ones calculated in 0, where , however, the 
nucleon saturation data of 0| are also not reproduced. 

The 9+ effective masses always decrease more with density than S either within the QMC or 
the NLWM framework. This is due to the fact that the s-quark does not couple to the cr-meson and 
S have two s-quarks. For each pentaquark, one can see that the effective masses always decrease 
more within the NLWM than within the QMC model. This effect was already known for the effective 
mass of the nucleon: for the the saturation density, QMC gives an effective mass ~ 0.8 Mn while the 
NLWM predicts ~ 0.7 M^. 

In Fig. [3 we replot the 9+ and S^^'" effective masses in separate graphs. We include the results 
obtained considering a quark in a state. A smaller decrease of the effective mass with density is 
observed, but the mass difference with respect to the solution with all quarks in a s state is small. 

We have also verified that isospin asymmetry of nuclear matter has little effect on the effective mass 
of the pentaquarks: for a proton fraction yp = 0.1 there is a small increase of the effective mass with 
density with respect to the symmetric matter value. However, at 3po the difference is only ~ 1% the 
symmetric matter value. 

We have calculated the radii for three different particles, namely, the nucleon, the kaon and the 
pentaquark 9+ fixing the nucleon radius as 0.6 fm and choosing for the other particles the same bag 
constant. It is known that QMC predicts a small reduction of the baryon radius with density jl^. In 
Fig. Owe plot, in units of the vacuum nucleon radius, the radius of these three particles. One can see 
that the 9+ radius is only 16% larger than the nucleon radius and presents the same behavior with 
density. 

In figure^we have shown the optical potentials obtained within both models discussed in the present 
work. Within the QMC model we get an optical potential of ~ —75 MeV for the 9+ pentaquark and 
^ —50 MeV for the S pentaquarks. These values are just a bit smaller than the ones predicted with 
the NLWM and are compatible with values obtained in [2^, ~ —70 to —120 MeV obtained from 
the calculus of the 9+ self-energy tied to a two-meson cloud. In ^3 ^ value — 90MeV < U < —40 
MeV was obtained within a QCD sum rule calculation and similar numbers were obtained within a 
relativistic mean field calculation in @. Taking different values for the bag radius has a negligible 
effect on the potential. 

In order to understand under which conditions the 9^ is stable in the medium with respect to 
the channel NK we have calculated within the QMC model the chemical potential of the pentaquark 
given by Eq. (12. 9|) , with the chemical potential of the system nucleon plus kaon. For the kaon we use 
the results of 26] . We consider a pentaquark in its rest frame and suppose it decays, 9+ ^ N + K^. 
In the matter, due to the Pauli principle the nucleon must have a momentum equal to the Fermi 
momentum. The kaon will have the same momentum if we don't take into account the effect of the 
medium. Taking into account the medium, momentum may be shared by any other nucleons and the 
kaon will come out with any momentum. In Fig. \^we plot the chemical potential of the 9+ at rest, 
and the chemical potential of the system NK^ in two different cases: a) both particles with p — pp\ 
b) the nucleon with p = pp and the kaon with a zero momentum. Considering the second possibility 
the pentaquark 9^ will not be stable in matter. If we consider the first possibility the pentaquark 
O"*" is stable for densities > 1.5po- 

However, according to 25], the K'^ feels a weak repulsive potential and the a strong attractive 
one. In order to obtain a value approximately equal to 10 MeV for the potential in the present 
formalism, we must rescaled the coupling g^K as 1.625 g^^K for the nucleon bag radius Rm = 0.6 
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fm and the kaon bag radius Rk = 0.457 fm (see '2^, "27^. Taking this value we get different results 
for the chemical potential of the system nucleon plus kaon represented by thin dashed {pk = 0) and 
dashed-dot {pk = Pf) lines in Fig. In this case we could have stable pentaquarks, respectively, for 
densities larger than po (2.5po) if we consider the process Q'^ ^ N + (Q^N —^N + N + K^). 

In this short note we have calculated the behavior of the and S ''^ pentaquarks in the medium 
according to the predictions of the QMC model. In particular we have calculated the effective mass 
and the optical potential of those particles as a function of density. It was shown, by comparing the 
chemical potentials of the 0+ and the NK^ system that O"*" is stable against the decay 8+ — > NK^ for 
p > l.Spo- However, taking into account the medium, 0+ is not stable even at high densities. However, 
these limits are sensitive to the kaon optical potential and they could be lowered, respectively, for pq 
and 2.5/50 if we choose a gxui coupling constant which reproduces the optical potential accepted 
value of 10 MeV at saturation density. 

There have been recent calculations of the pentaquarks in the medium using the same model |^ 0| . 
Notice, however, that in [athe properties of the 0+ have not been calculated in a self consistent way 
in the QMC model and in 9| the data obtained for the nucleon properties are not in accordance with 
the data in the literature jl^ ilJi, ll8| . 
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TABLE I: Bag constant and Zq in free space are given in the table. The mass of the quark ?n„ = rrid = 5.5 
MeV and = 150 MeV. The constants are fixed for Nucleon mass 939 MeV, 6+ mass 1540 MeV and 
H = 1862 MeV. The a and u) nucleon couplings are fixed from the saturation properties of nuclear matter 
i.e. Eb = 15.7 MeV at po = 0.15 ftn'^ 



Rn (fm) 


91n 




^1/4 


Zs 


Zb 




0.6 


5.957 


8.981 


210.854 


6.3765 
7.5359 
7.4991 


5.4869 
6.6445 
6.6052 


all quarks in s state 
u or d-quark in p state 
s-quark in p state 


1.0 


5.519 


7.622 


143.745 


3.8428 
4.9969 
4.9298 


2.3919 
3.5479 
3.4749 


all quarks in s state 
u or d-quark in p state 
s-quark in p state 
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FIG. 1: Effective masses of the pentaquarks ©"*" and H '° within the QMC and the NLWM models. 
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FIG. 3: Radius of the ©"*", nucleon and kaon as a function of density. 





